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Phase-dependent decoherence of optical transitions in Pr3¿:LaF3 in the presence of a driving field
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The decoherence times of orthogonally phased components of the optical transition dipole moment in a
two-level system have been observed to differ by an order of magnitude. This phase anisotropy is observed in
coherent transient experiments where an optical driving field is present during extended periods of decoher-
ence. The decoherence time of the component of the dipole moment in phase with the driving field is extended
compared toT2, obtained from two-pulse photon echoes, in analogy with the spin locking technique of NMR.
This is the first phase-dependent investigation of optical decoherence in the presence of a driving field.
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There is strong and growing interest in the use of
coherence of optical transitions for quantum information a
quantum technology applications. The realization of qu
tum computing with optical transitions is being pursued in
number of systems~Refs. 1–4, for example!; there have been
dramatic demonstrations of slow light and light storage5–7

and there also exists a well-established program to dev
optical coherent processing techniques~Refs. 8,9, for ex-
ample!. Perhaps the most critical parameter in develop
these technological ideas is the decoherence time of the
sition dipole moment~TDM!. Rare-earth doped crystals a
especially interesting for these applications because of
long optical decoherence times that can be achieved.

Although it is typical to quote a value for the decoheren
time T2 ~as measured using photon echoes!, decoherence in
these optical impurity sites cannot adequately be descr
using a single parameter. This was first demonstrated by
Voe and Brewer,10 when the decoherence rate for th
3H4↔1D2 optical transition of Pr31:LaF3 in the presence o
an optical driving field was found to be radically intensi
dependent, in violation of the optical Bloch equations. Sim
lar effects have since been observed for a number of op
transitions.11–13 Given that, in many systems, the applic
tions listed above will require optically driving transition
for periods comparable to the decoherence time of the t
sition, it will be important to develop a detailed understan
ing of the effect of the driving field on the decoheren
mechanisms. There is also a strong fundamental intere
forming a complete picture of decoherence in optical tran
tions generally.

Since both the optical driving field and TDM are quan
ties described by complex numbers, it is necessary to m
out the intensity dependence as a function of their rela
phase to fully characterize decoherence during interac
with the field. Until now, the possibility of a dependence
the dynamics on the relative phase of the driving field a
the TDM has been experimentally neglected, despite the
ample of NMR~Ref. 14! and the suggestions of Sellars a
Manson12 and Shakhmuratov.15 We examine a well-known
system, Pr31:LaF3,16 which like the majority of the transi-
tions of interest in well-ordered crystalline hosts at tempe
tures below 2 K, has a decoherence rate significantly in
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cess of that predicted from the lifetimes of the states. I
proposed that the extension of the observed decoher
time due to the driving field is independent of the spec
decoherence mechanism, making these results applicab
any system whereT2 is not limited byT1.

To map out the dependence of the decoherence rate
the optical field, two optical coherent transient techniqu
were employed: rotary echoes~RE! and radiation locking
~RL!. Figure 1 shows these pulse sequences and their e
in Bloch space. Two-pulse photon echoes~2PE! were used to
measure the decoherence time in the absence of a dri
field, since the pulses in the 2PE sequence are brief c
pared to the evolution time of the system. The coherent tr
sient experiments were conducted using a frequen
stabilized dye laser with a stability of 200 Hz over hundre
millisecond time scales and a Mach-Zehnder interferome
with a frequency shift in one arm, to obtain phase sensit
heterodyne detection of the coherent transient signals.17 The
crystal, immersed in a liquid He cryostat at 1.6 K, was o
ented with the light propagating along theC3 axis with a
static magnetic field of 500 G perpendicular toC3, to allow
standardization with the experiments of DeVoe and Brewe10

The interaction strength of the field and the transition~Rabi
frequency! was controlled using the laser intensity.

The RL pulse sequence12 consists of ap/2 pulse followed
by a long~locking! pulse, shifted in phase~see Fig. 1!. Al-
though it was possible to observe the coherence as an FI
the end of the locking pulse, switching transients tended
distort the signal. To avoid this problem, ap pulse was used
to rephase this coherence of the TDM and observe it as
echo. It is normal to use a phase shift of 90° between thep/2
and locking pulses in the RL sequence. The resonant ions
promoted to an equal superposition of the ground and exc
states by the first pulse, represented by their Bloch vec
lying along thev axis. The locking field then holds the Bloc
vector alongv, analogous to spin locking in NMR.18 Bloch
vectors corresponding to nonresonant ions do not lie stri
alongv after thep/2 pulse and they precess in a cone ab
the locking field. During the locking period, the compone
of the off-resonant Bloch vectors in-quadrature with the dr
ing field dephases, but the in-phase component is locke
the same way as for resonant ions. The coherence obse
©2004 The American Physical Society07-1
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in the echo is from the component of the TDM in phase w
the driving field, the other component having dephased.
artifact is observed in the coherent transient signal due to
inhomogeneous broadening—the locking and rephas
pulses together contribute a two-pulse ‘‘echo’’ that appe
entirely in the quadrature component. This artifact is ea
separated from the real signal with phase sensitive detec

FIG. 1. ~i! ~a! Rotary echo pulse sequence.~b,c! Radiation lock-
ing pulse sequences. The numbers represent the phase~degrees! of
the optical field relative to the first pulse. The curved features sc
matically represent the coherent transient signals.~ii ! Bloch picture
of the phase relationships in the RE and RL experiments for
case of resonant ions. Angles in the uv plane represent phase. I

RE experiment, the optical field is parallel~antiparallel! to aW during
the 0°(180°) pulse. The Bloch vector is driven from 1 to 2 a
beyond, as the first pulse elapses, and is then reversed afte
phase inversion of the optical field. The evolution of the Blo
vector is entirely in thevw plane, in quadrature with the driving
field. The RE signal is observed for an ensemble when the Bl
vector is close to position 1, in quadrature with the driving field. F
the RL, the Bloch vector is promoted from 1 to 2 by ap/2 pulse

whose field vector lies alongaW (0°). If the second pulse has 90

phase, as in~i!~b!, a driving field with field vectorbW is applied
during the decoherence time. The echo is read out with ap pulse

with phase 0° (aW ) or 90° (bW ), which are equivalent~to within a
180° phase shift of the coherent transient signal!. In the RL experi-
ment, the Bloch vector is always lies along -v ~position 2!, in phase
~technically inantiphase, but as opposed to in quadrature! with the
driving field, and for an ensemble, the echo arises from this c
ponent. The case described in~i!~c! is similar, except the driving

field of phaseu now lies alongcW , so that there exists an ang
90° –u between the Bloch vector~which lies in position 2 at the
commencement of the locking pulse! and the driving field. The echo
signal measured is the component corresponding to the Bloch

tor in position 3, thecW direction.
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In the current work, phase shifts~betweenp/2 and lock-
ing pulses! other than 90° were also employed. In this ca
even the resonant ions have Bloch vectors with some c
ponent in-quadrature with the driving field. By varying th
angleu between the TDM and the driving field, we cou
test for a dependence of the decoherence onu. Regardless of
u, the real signal observed corresponds to the componen
the TDM in-phase with the driving field.

The RE pulse sequence19 consists of two oppositely
phased pulses as shown in Fig. 1. Bloch vectors corresp
ing to resonant ions are rotated in thevw plane by the first
pulse. The phase-inverted pulse also achieves rotation in
vw plane, but in the opposite sense. An echo is obser
when the second pulse has rotated the Bloch vectors bac
their original state and rephases them. Bloch vectors co
sponding to nonresonant ions have nonzerou components
during the pulses, but these average to zero for a freque
symmetric ensemble of ions. The RE was used to observe
effect of having the TDM in quadrature with the drivin
field, since the ensemble-average Bloch vector is alway
quadrature.

The measurements of decoherence during driving,
served in the coherent transient experiments and present
Fig. 2, can be easily summarized. The 2PE experiments
fine T2 in the limit of zero Rabi frequency, and the da
shows that they produce a decoherence time that is app
mately equal toT2 for all Rabi frequencies. The RE exper
ments yield a decoherence time that is approximately eq
to 2T2 for all Rabi frequencies, as predicted by the optic
Bloch equations~OBE’s!. The RL experiments yield deco
herence times that are not predicted by the OBE’s and
extended by up to a factor of 9.2 relative toT2, demonstrat-
ing a large suppression of decoherence in the TDM com
nent in phase with the driving field. This is a clear demo
stration that the orthogonally phased components of
TDM decohere at different rates in the presence of a driv
field.

The dependence of the decoherence of the in-phase c
ponent of the RL as the phase angle of the driving field
varied is also shown in Fig. 2. Here, the Rabi frequency
the driving field is held constant at 225 kHz. It can be se
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FIG. 2. Measured decoherence times as a function of Rabi
quency ~filled markers! for the different coherent transient puls
sequences: RL~circles!, RE ~triangles!, 2PE ~squares!; and as a
function of driving field phase~open markers! for the RL experi-
ments. Error bars not shown are smaller than the markers.
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that the dependence of the decoherence time of the in-p
component is nearly independent of the phase of the driv
field with respect to the TDM.

The combined result that can be derived from Fig. 2
that for a given Rabi frequency, the decoherence time of
in-phase component of the TDM is extended uniformly
gardless of the relative phase of the TDM and driving fie
while the in-quadrature component of the TDM decoheres
the case of in-quadrature driving, at the expected rate ba
on 2PE measurements. Unfortunately, the artefacts du
inhomogeneous broadening prevent making a statemen
the decoherence of the in-quadrature component for driv
fields not in quadrature with the TDM.

The elongation of the decoherence time of the in-ph
component can be attributed to radiation locking, the opt
analogy of spin locking in NMR. The termlocking refers to
the fact that the driving field maintains, or locks, the in-pha
component of the Bloch vector at a fixed phase~the projec-
tion of the Bloch vector onto the coherence planeuv repre-
sents the TDM in the optical experiment!. Fluctuations in the
transition frequency that tend to disturb this phase are a
aged out by the locking field whenx/2p.d, wherex/2p is
the Rabi frequency andd is the amplitude of the
fluctuations.14,15 The component of the TDM that is in
quadrature with the driving field is expected to be unaffec
by the presence of the driving field—no locking takes pla
because of the orthogonality. The observed results corre
with the results of Redfield, who observed the same ph
anisotropy for NMR saturation experiments performed
metals.14 In Pr31:LaF3 at low temperature,d'8 –10 kHz.20

This interpretation is clearly consistent with the RL resu
presented here. It was not possible to use the RL sequ
with Rabi frequencies at the 10 kHz level or below, beca
of signal-to-noise concerns~particular to the present exper
mental realization, and not generally limiting at this leve!.
However, the turn on of radiation locking effects at appro
mately this Rabi frequency is observed in FID experiment10

where the decay time begins to deviate from the OBE p
diction atx/2p'4 kHz. Sellars and Manson have explain
that, in practice, saturation causes the driving field in a F
experiment to be largely in phase with the TDM, as in R
experiments.12

Inhomogeneous broadening plays a significant, altho
not dominant, part in all of the coherent transient expe
ments reported. The 2PE and RE are least affected by
inhomogeneous broadening, since the concept of an ech
to completely reverse the dephasing due to inhomogene
broadening, leaving only effects independent of the inhom
geneous broadening as contributors to the measured dec
ence time. The main disadvantage of the inhomogene
broadening in the present measurements is that it com
cates the interpretation of RL experiments. The driving fi
and Bloch vectors corresponding to ions of all frequenc
are at an angle 90° –u in the ideal experiment, leading t
output coherent transient components in both phases. In p
ciple, one could extract the in-quadrature component of
coherent transient signal by inverting the phase of the driv
field midpulse, and observing a rotary echo in-quadrature
well as the in-phase RL signals. This would lead to simu
07510
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neous decoherence time measurements for the two ph
However, in the real RL experiment, we observe that
effects of inhomogeneous broadening dominate the
quadrature signal, masking the in-quadrature signal due
resonantly excited ions~off-resonant ions make no net con
tribution to the in-phase signal!. Furthermore, simple calcu
lations, based on the assumptions of our interpretation of
lengthened in-phase decoherence time, indicate that the
power rolloff of the decoherence time, shown in Fig. 2~filled
circles!, for the RL is an artifact of inhomogeneous broade
ing. Despite the complications of inhomogeneous broad
ing, the experiments presented here clearly demonstrate
anisotropy of the decoherence of the two orthogonal com
nents of the TDM in the presence of a driving field, and t
independence of the decoherence time of the in-phase c
ponent of the TDM from the relative angle of the TDM an
the driving field. This latter conclusion supports the hypo
esis that it is reasonable to resolve the TDM into its in-ph
and in-quadrature components and think of the driving fi
acting on these components separately.

It is important to note that neither the phase depende
of decoherence during driving nor the effects of inhomog
neous broadening are peculiar to impurity-ion solids. T
arguments also apply to atomic vapor spectroscopy wh
collisional dephasing and Doppler broadening are the de
herence and inhomogeneous broadening mechanisms re
tively, and to other solid-state systems such as quantum d
In this respect, the present phase-dependent study yields
portant general results. Although the simple radiation lock
picture gives an adequate description of the extension of
component ofT2 in many systems, a detailed description
the system-dependent decoherence effects under genera
ditions may require a more complicated approach. The
ample of Pr31:LaF3 is a case in point.

A series of stochastic models20 have been proposed t
account for the previous FID and rotary echo studies
Pr31:LaF3 and ruby.10,11The starting point for all these mod
els is the assumption that the system can be treated a
optically active two-level ion perturbed by a time-depende
field which, it turn, is generated by a bath composed of
coupled spins in the host. These models do not explain c
sistently the complete set of observed experimental res
possibly because of the neglect of the phase dependenc
the decoherence on the driving field. Kessel’et al. have pro-
duced a model20 that qualitatively agrees with the Redfie
result and also with the work presented here and includes
idea of different decoherence times for the two compone
of the TDM. However, all the various models should
treated with caution since, in practice, the interaction
tween the optically active ion and the nearby host spins
stronger than the interactions between the host spins, ma
the ion/bath approximation invalid.

The typical interaction strength between the Pr and
nearest neighbor F is of the order 10 kHz,16 while the inter-
action between neighboring fluorines is in the range 1–
kHz.21 These relative interaction strengths allow the possi
ity of driving one or more fluorine nuclear spin flips whil
optically driving the 3H4↔1D2 transition. We have calcu
lated the approximate energy-level structure and transi
7-3
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probabilities arising from the coupling of the Pr31 ion to the
nuclei of five of the nearest-neighbor fluorines in the latt
and observed that there are multiple (.15) coherence path
ways~i.e., optical transitions from a manifold of superhype
fine levels to another such manifold! with transition strengths
on the same order. This result is not strongly dependen
which five nearest neighbor nuclei are chosen. This calc
tion would be enhanced by inclusion of many more F nei
bors, but it gives an indication of the importance of t
superhyperfine interaction. In addition, hole burning expe
ments have displayed side hole structure arising from
superhyperfine interaction, showing up to 20% of the tran
tion strength associated with the flipping of nearest-neigh
F nuclei.22 It would therefore seem necessary that any the
of optical decoherence in Pr31:LaF3 must incorporate opti-
cal excitation from one superhyperfine manifold to anoth
It would also be possible to address the description of de
herence in these systems from an experimental perspec
by repeating the experiments presented in this paper in
tems where the interactions within the bath are much str
ger than the optically active ion’s interaction with the ba
and vice versa. Examples of appropriate rare-earth do
solids would be Eu31:LaF3 for the former case and
Pr31:Y2SiO5 for the latter, since Eu31-F interactions are
much weaker than Pr31-F interactions and the Y-Y nuclea
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In conclusion, the results presented form the first expl
phase-dependent study of optical decoherence in the p
ence of a driving field. The decoherence time of the com
nent of the TDM in phase with a driving field has shown
be extended by nearly a factor of 10 relative to the pho
echo measurement. The decoherence time of the TDM
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sults are unaffected by the relative phase of the driving fi
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